Upon injury, wound repair is an essential process for continued cellular, tissue and organismal survival. In particular, epithelial tissue repair must occur rapidly and robustly to ensure that this tissue restores its function as a barrier to microbial invasion. Studies in a variety of organisms have shown that dynamic cytoskeletal processes, including leading edge cellular protrusions, a leading-edge contractile actomyosin purse-string, and in some cases, contraction of underlying tissue, drive this embryonic repair response. [1] [2] [3] [4] [5] We have found that epithelial wound repair in stage 15-16 Drosophila embryos is actively driven by both actomyosin cable contraction and crawling via actin-rich cellular protrusions. 3 The actomyosin purse-string is formed by the recruitment of actin and myosin to the apical, leading edge of the wound where they form a supracellular, contractile actomyosin array that is linked cell-to-cell through adherens junctions. 3, 6 Simultaneously, leading edge cells form dynamic actin-rich cellular protrusions, which contribute to wound repair by making contact with contralateral and adjacent protrusions and/or cells and subsequently pulling these regions toward each other. Other processes such as cell shape changes and rearrangements, both at the leading edge of the wound and several rows of cells away from the wound, also play supporting roles in these active processes such that the epithelial sheet is stretched to close the wound in the absence of cell division. 7 One family of proteins essential to these dynamic cytoskeletal changes observed during proper wound repair is the Rho family of small GTPases. 1, 2, [8] [9] [10] The 3 founding members of this protein family, Rho, Rac and Cdc42, are also necessary for a variety of other cellular and developmental functions through their activities in modulating the actin and microtubule cytoskeleton. 11, 12 Rho GTPases are G-protein switch molecules that cycle between GDP-and GTP-bound states. 13 When GTP-bound these proteins undergo a conformational change that allows them to interact with downstream proteins through their exposed effector domains and are termed 'activated'. 14, 15 Rho family GTPases are activated by guanine nucleotide exchange factors (RhoGEFs) that promote the exchange of GDP to GTP, and inactivated by GTPase-activating proteins (RhoGAPs) that promote the conversion of GTP to GDP and Rho GDP-dissociation inhibitors (RhoGDIs) that remove these proteins from the membrane and prevent GDP-GTP exchange. [11] [12] [13] 16 In addition, these proteins show context-dependent 'crosstalk' among themselves, as well as transmitting and receiving signals from the cytoskeleton. 10, 17, 18 The role of Rho family GTPases in multicellular wound repair was initially explored in the embryonic chick wing bud using C3 exoenzyme and a dominant inhibitory Rac protein (DN-Rac) to inhibit Rho and Rac, respectively. 1 Wing buds treated with C3-containing media did not readily repair as a result of their inability to form an actomyosin purse-string, while DN-Rac did not affect wound repair. A subsequent study used the dorsal closurestaged Drosophila embryo that, unlike the chick embryo wing bud, is amenable to live imaging and has stratified tissues with the outermost layer being a simple epithelial sheet. 2 These studies with Drosophila embryos indicated that Rho1 and Cdc42 were necessary for proper wound repair, whereas the 3 Rac proteins (Rac1, Rac2 and Mtl) were dispensable. 2 In particular, Cdc42 was shown to be essential late in the repair process for the final resealing of the epithelial sheet. Interestingly, upon wounding, Rho1 mutant embryos were observed to pause for 2 hours during which no changes in leading edge cell shape were noted. Following this 2-hour lag phase, wounds were observed to undergo repair with normal kinetics. Recently, we examined repair in Cdc42 mutants and found an additional role for this protein in the earlier contraction phase of embryo epithelial wound repair. 3 Here we re-examine the roles of the other Rho family GTPases in Drosophila embryo epithelial wound repair and show that, in contrast to previous studies, Rho1 mutants exhibit altered repair dynamics (without the 2 hour lag phase) and the presence of Rac proteins are required for normal embryonic epithelial repair ( Fig. 1A-J; Movie 1 ). In addition, we examined the localization of each of these GTPases in response to wounding, and show that Rho1 is likely signaling through multiple effectors, one of which is the myosin light chain (MLC) phosphorylating kinase, Rok.
Using a conditional dominant-negative Cdc42 allele driven by the Engrailed Gal4 driver, it was originally shown that wounds in Cdc42 embryos were unable to undergo the last phase of wound repair needed to completely reseal the epithelial sheet. 2 This defect was attributed to a lack of cellular protrusions such that the final hole could not be knit closed. Recently, we used the hetero-allelic combination of Cdc42 4 /Cdc42 6 to explore the role of Cdc42 in wound repair. 3 Same as originally reported, we found that these mutant embryos were unable to undergo the final process of resealing the epithelial sheet ( Fig. 1B and E) . The area of cellular protrusions present throughout repair was reduced and consistent with the lack of protrusions being responsible for the resealing defect. 3 Significantly, we also found that these wounds show delayed repair kinetics throughout the entirety of the wound repair process compared to size-matched wildtype embryos (107.0 § 12.3 minutes in Cdc42 4 /Cdc42 6 mutants compared to 37.0 § 5.1 minutes in wildtype; p D 0.0010) (Fig. 1B, G ; Movie 1). This result shows that Cdc42 is necessary for the dynamic cellular protrusions required during wound contraction, in addition to those needed for the final resealing of the hole.
To further characterize the role of Cdc42, we looked for changes in localization and/or accumulations of Cdc42 in response to wounding. We wounded transgenic embryos expressing a previously described mChFP-Cdc42 fusion protein driven ubiquitously by the myosin spaghetti-squash (sqh) promoter. 3, 10 While we observed fluorescent Cdc42 fusion protein expression throughout the embryonic epithelia, there was no change in its localization or specific accumulation in response to wounding ( Fig. 2A) . This was somewhat surprising given the accumulation of Rho family GTPases at wounds during single cell repair and Cdc42s requirement for proper epithelial repair. One possible reason for this was that we could not detect the subset of Cdc42 that was being specifically 'activated' in response to the wound above the normal pool of Cdc42 protein present within each cell.
To test this possibility, we wounded embryos expressing previously described GTPase biosensors comprised of simple fusions of GFP and the Rho family GTPase binding domain (RBD) from specific downstream effectors that allow visualization of activated GTPases. Each biosensor exhibited the expected developmental patterning and specifically bound their expected GTPloaded Rho family GTPase unless otherwise noted. 10 Using these biosensors, activated Rho family GTPase was detected as accumulation of signal above the background expression of these fusion-constructs. To determine the localization of activated Cdc42, a biosensor containing the RBD of Cdc42s effector, WASp, fused to GFP was used. While this biosensor functions developmentally in hemocytes (Fig. 2B, arrow) , 10 it does not accumulate at wounds (Fig. 2B ). This lack of accumulation could be due to several possibilities: i) Cdc42 may not need to accumulate to appreciable levels to carry out its functions, ii) Cdc42 could be acting transiently, thus signal cannot sufficiently accumulate to be captured by this biosensor in any specific location, iii) activated Cdc42 may not be accumulating at the wound over the background level used for normal cell function, or iv) the biosensor could only act in a context-specific manner. We have previously shown a context-specific phenomenon in wound repair in the single-cell Drosophila embryo wherein an effector's RBD is able to function as a biosensor only if that effector is necessary for the repair process. 10 It will be important to identify the effectors through which Cdc42 regulates the dynamic cellular protrusions of the leading edge necessary for normal wound repair. The design and use of bi-molecular biosensors in which fluorescence only occurs when the biosensor and Rho family GTPase members interact may provide additional insight for these abundant proteins. 19 Rac proteins were previously reported to have no wound repair defect. 2 This was unexpected given that Rac mutants exhibit a striking defect during dorsal closure, a morphogenetic process likened to epithelial wound repair wherein 2 lateral epithelial sheets zip together at the dorsal midline. 20, 21 In contrast to this report, 2 we find that Rac family proteins are required for proper embryo epithelial wound repair. Using the same Rac1 J1 , Rac2 D , Mtl D (referred to as Rac*) triple mutant which combines mutations for all Drosophila Rac genes, we find that Rac* affects wound repair leading to a significant delay in the timing of wound closure relative to wildtype (106.2 § 12.1 minutes in Rac* mutants compared to 51.0 § 3.7 minutes in wildtype; p D 0.008) ( Fig. 1C and H ; Movie 1). Interestingly, we do not observe gross defects in leading edge morphology in these mutants (Fig. 1C) . While both the actomyosin cable and cellular protrusions appear largely normal, we cannot rule out subtle defects to cellular protrusion efficacy or to actomyosin ring assembly, stability, or disassembly. Rac depletion may exert its effects through Rho1 and/or Cdc42 by regulating these proteins (cross-talk) leading to changes in their levels and/or activity that subtly disrupt how the proteins regulate the actomyosin pursestring and protrusions, respectively. An alternate possibility is that Rac affects cell rearrangements away from the wound. This would be consistent with studies in Drosophila embryos and pupae indicating that dynamic cell rearrangements several cells away from the wound are necessary for those epithelial cells to stretch across the closing wound and that reduced Rac activity inhibits dynamic cell rearrangement during Drosophila tracheal tubulogenesis. 7, 22 However, no significant defects in cell rearrangements were detected away from the wound in Rac* mutants ( Fig. 1C; Movie 1) .
To further examine the effects of the Rac proteins on epithelial wound repair, we wounded transgenic embryos expressing fluorescently tagged Rac1 or Rac2 under the control of their respective endogenous promoters. Before wounding, enrichment of Rac1 and Rac2 fluorescent fusion proteins was detected at apical and lateral cell membranes (Fig. 2C-D' ). Upon wounding these Rac proteins accumulated at the wound edge in protrusions, especially where they emanated from the leading edge (Fig. 2C-D') . Interestingly, these Rac proteins also accumulated at the leading edge in discrete segments at cell-cell contacts and often extended along these contacts away from (perpendicular to) the wound (Fig. 2C-D') . To determine what subset of this Rac accumulation is the result of activated Rac protein, we examined Rac biosensors that had been generated using the RBD of 2 known Rac effectors, PlexinB and Pak3. 15, 23, 24 Full-length fluorescent fusion proteins for PlexinB and Pak3 are unavailable for testing in this system. We have previously shown that PlexinB RBD binding is specific to GTP-bound Rac, whereas the Pak3 RBD binds Rac1 as well as Cdc42 (albeit with slightly lower affinity). 10 The PlexinB-RBD biosensor does not accumulate or localize upon wounding (Fig. 2E) , however, the biosensor is functional as can be observed from its accumulation in hemocytes (Fig. 2E, arrows) . In contrast, the Pak3-RBD biosensor accumulates at the leading edge in a pattern consistent with that of Rac1 and Rac2 suggesting that the majority of the protein at the leading edge is activated (Fig. 2F) . Interestingly, it was recently published that in Drosophila larval wounds Pak3 is the major kinase responsible for leading edge actomyosin integrity as RNAi knockdown of Pak3 specifically disrupts this structure in a Rac1 dependent manner compared to other candidate kinases, www.tandfonline.com 31 Small GTPases including Rok and MLCK. 25 We are unable to assess the requirement of Pak3 in wound repair as an appropriate Pak3 mutant allele is not currently available. Nonetheless, consistent with our finding that Rac* is indeed required for proper epithelial wound repair, activated Rac* accumulates at the apical wound leading edge and in wound leading edge protrusions.
Rho1 hypomorphic mutants have been reported to affect epithelial wound repair: they assemble a disorganized actin cable such that wounds remain open for roughly 2 hours then close with normal kinetics. 2 We were particularly intrigued by the 2 hour delay in repair because it suggested that Rho1 might be involved in recruiting or organizing molecules/machineries at the wound leading edge such that proper repair could begin. Alternatively, this delay might represent a lag needed by the wounded Rho1 mutant embryo to switch any machineries driving repair through the actomyosin cable contraction into repair driven primarily by cellular protrusions. 2 To explore these possibilities, we wounded Rho1 null mutant embryos (Rho1 1B ) and were surprised to find that we did not observe this 2 hour delay, rather wound repair kinetics were disrupted throughout the entire process in medium sized wounds (»750 mm 2 ) (Fig 1D and I ; Movie 1). We hypothesized that this discrepancy in results might be due to disparities in the sizes of wounds being assayed, as wound size might decrease the frequency or increase distance upon which cellular protrusions would have to reach in order to make contact and create zippering events. To test this, we examined wounds in 3 different size ranges, small (<500 mm 2 ), medium (500-1000 mm 2 ), and large (1000-1500 mm 2 ), with the expectation that an increase in wound size would lead to disproportionate defects in wound repair (Fig. 1J) . However, we find that in both wildtype and Rho 1B mutant embryos, wound repair is scalar to size and defects in Rho1 wound repair exist throughout the repair processwithout a lag phase at any size tested (Fig. 1J) . We find that medium size wounds in Rho1 mutant embryos take almost 3 times longer to heal than those in wildtype (129.0 § 13.5 minutes in Rho 1B mutants compared to 51.0 § 3.7 minutes in wildtype; p D 0.0002) (Fig. 1D and I) . One possible cause for the differences we have noted is our use of a more recently generated null-allele for Rho1 (Rho1 1B ), rather than the Rho1 72R /Rho1 72O hetero-allelic hypomorphic mutant reported in the original study. 2, 26 Despite differences observed in the overall kinetics, we similarly observe that a considerable amount of wound contraction appears to be driven by protrusions along the leading edge. In Rho1 1B mutant embryos, large portions of the wound's leading edge lack a continuous actin cable and instead have large protrusions, as well as failing to form an ellipsoid shape for much of the repair process ( Fig. 1D and F; Movie 1) . We have previously observed similar phenotypes in myosin mutants, 3 suggesting that the actomyosin purse-string is defective in Rho1 1B mutants. Interestingly, we also observed this aberrant repair phenotype with another actomyosin purse-string component, E-cadherin: E-cadherin knockdown leads to local accumulations of contractile actin along the leading edge. 3 Consistent with this, Rho1 functions upstream of proteins that can potentially affect the actomyosin purse-string in myosin (Rok) and/or E-cadherin (a-catenin, p120-catenin) dependent manners. 27, 28 To further assess the manner in which Rho1 affected the actomyosin cable, we examined Rho1 localization during the repair process. We expected to observe accumulations of Rho1 along the leading edge, consistent with its promotion of the actomyosin cable, at cell-cell contacts along the leading edge modulating the junctions, or at both. Surprisingly, while Rho1 is expressed throughout the epithelia, it does not exhibit higher protein accumulation, changes in localization pattern, or associate with the actomyosin cable, junctions or protrusions during the repair process (Fig. 3A) . This fluorescent Rho1 fusion protein is representative of endogenous Rho1 protein, as wounded embryos fixed then stained with a Rho1 antibody reveal no significant change in localization and/or accumulation of endogenous Rho1 protein in relation to the wound (Fig. 3B) . Using a strategy similar to that described for Cdc42 and Rac*, we tested whether the inactive or background pools of Rho1 in each cell was masking the activity of Rho1 at the wound using a Pkn-RBD fluorescent fusion construct. This RBD protein fragment binds both Rho1 and Rac in vitro, however it binds Rho1 with much higher affinity. 10 Similar to what we observed with the WASp-RBD biosensor for Cdc42, we were unable to detect any specific accumulation of this Pkn-RBD biosensor indicative of activated Rho1 at the wound (Fig. 3C) . This was particularly surprising given that this biosensor not only accumulates during single-cell wound repair, 10 but also full-length endogenous, fluorescent Pkn responds to wounds and localizes at the wound leading edge in regions where actin accumulation is highest (Fig. 3D) .
While the effect of Pkn is currently unclear, as its substrates during wound repair have yet to be elucidated, another Rho1 effector, Rok, is known to phosphorylate the myosin light chain protein, spaghetti-squash, and was recently shown to function downstream of Rho1 during apical constriction. 29, 30 Indeed, we find that during epithelial wound repair full-length GFP-Rok colocalizes with actin along the majority of the leading edge (Fig. 3E) . To test whether Rok might be responsible for the repair phenotype observed in Rho1 1B mutants, we examined wound repair in Rok 2 mutant embryos ( Fig. 3F and G ; Movie 1). These embryos heal with delayed kinetics compared to wildtype (114.0 § 9.8 minutes in Rok 2 mutants compared to 51.0 § 3.727 minutes in wildtype; p < 0.0001) and exhibit similar, albeit somewhat less severe, phenotypes to Rho1 (Fig. 3F and  G) . This suggests that Rok is acting downstream of Rho1, but is not likely the only Rho1 effector necessary during epithelial repair. Further testing using Rho1 point mutations that specifically inhibit the binding of certain effectors, as well as screening effector mutants, will elucidate what other Rho1 effector proteins might be necessary to recapitulate the severity of the Rho1 phenotype.
Here we showed that the 3 major Rho GTPases in Drosophila are all necessary for embryonic epithelial repair: Rho1, at least in part through its effector Rok, is required for proper actomyosin cable function; Cdc42 is required for the actin-based protrusions; and the absence of Rac proteins significantly delays normal repair without gross disruptions of the leading edge actin cytoskeleton. Surprisingly, Rac proteins are the only Rho family GTPase that accumulate appreciably at the wound. Interestingly, although Rho1 itself does not accumulate at the epithelial wounds, its downstream effector Rok does accumulate at wounds and, when absent, has a phenotype consistent with functioning downstream of Rho1. Recently, we showed that all 3 Rho family GTPases rapidly accumulate around the single cell wounds where they segregate into dynamic, partially overlapping, arrays. 10 This raises the interesting question of why Rho family GTPases are so robustly recruited to single cell wounds, while Rac proteins are the only ones that accumulate during epithelial repair. In addition, the ability of the RBD of Pak3, but not PlexinB, to recapitulate Rac accumulation suggests that the RBD binding may be regulated such that only pertinent effectors are able to bind, similar to that observed in the Drosophila cell wound repair model. 10 It will be interesting in the future to determine if and how crosstalk among these proteins influences their functions and modulates the cytoskeleton during the repair process.
Materials and Methods
Fly strains and genetics Flies were cultured at 25 C on yeast-cornmeal-molassesmalt medium. The following stocks containing fluorescent fusion proteins were used: sGMCA, 31 36 Mutant alleles were crossed to the sGMCA; CyO-ChFP or sGMCA; TM3-ChFP balancer stocks to screen for homozygous mutants by selecting against the ChFP balancer. Mutant embryos for Cdc42 were generated using the hetero-allelic combination Cdc42 4 / Cdc42 6 . 34 All mutant embryos express sGMCA allowing the actin cytoskeleton to be followed.
Embryo handling and preparation
Early embryos were collected for 0-1 hr at room temperature (23 C) then aged at 18 C for 21 hrs. The resulting stage 15 embryos were hand dechorionated, dried for 5 min and transferred individually with forceps onto strips of glue dried onto No. 1.5 coverslips, and covered with series 700 halocarbon oil (Halocarbon Products Corp).
Laser wounding
Wounds were generated using an N 2 Micropoint laser (Photonic Instruments, St Charles, IL, USA) tuned to 405 nm and focused on the ventral surface of the embryo as previously described. 23 A region of interest was selected and ablation was controlled by Volocity (v.5.3.0, Perkin Elmer, Waltham, MA, USA). On average, ablation time was less than 5 s, wounds were 750 mm 2 (range: 500-1000 mm 2 ), and time-lapse imaging was initiated immediately.
Embryo fixing and staining
Wounded embryos were collected and the halocarbon oil was removed with heptane. Embryos were then fixed and antibody staining was performed as described previously. 37 Embryos were mounted in SlowFade Gold (Invitrogen) and imaged as previously described. 32 Antibodies used were: mouse monoclonal Rho1 (P1D9; 1:50 dilution) 27 and goat anti-mouse Alexa 568 (1:1000 dilution; Invitrogen).
Microscopy
All imaging was performed at room temperature (23 C) as previously described. 3 The following microscopes were used:
i. Nikon TE2000-E stand (Nikon Instruments, Melville, NY, USA), with 40£/1.4 NA objective lens, controlled by Volocity software (v. Image processing, analysis and quantification Image series were either analyzed with Volocity software (v.5.3.0, Perkin Elmer, Waltham, MA, USA), or were exported as TIFF files then imported into ImageJ for processing. XY projections of 1-5 mm were generated. Wound areas were measured manually with ImageJ or NIS-Elements AR software (version 3.0, Nikon Instruments, Melville, NY, USA). A Student's t test with Welch's correction when applicable was used to analyze the data; p < 0.05 was considered to be statistically significant. All graphs present values § s.e.m. All measurements were downloaded into Microsoft Excel and the data were graphed using Prism 5.0 c (GraphPad Software, Inc.).
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